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populated by a trimeric b-sheet-rich intermediate state that leads to a stepwise and reversible formation of supramacromolecular
structures. Using FTIR, we have found that misfolding of this pathway is not due to different ensembles of a variety of precursors,
but comes mainly from the interconversion of a flexible b-sheet of the domain to wormlike fibrils. The appearance of the wormlike
fibril FTIR component is also accompanied by a slight decrease of the band that corresponds to loops in the native state,
whereas the rest of the regular elements of secondary structure are fairly well maintained upon misfolding. Transmission elec-
tron microscope micrographs have confirmed the presence of wormlike fibrils upon heating at 60C, where the trimeric interme-
diate is maximally populated. Toxicity assays in the human neuroblastoma cell line SH-SY5Y show that cytotoxicity increases as
the aggregation pathway proceeds. NMR analysis of chemical shifts as a function of temperature has revealed, as one of the
main conformational aspects of such an interconversion at the residue level, that the b-sheet arrangement around strand b3
promotes the change that drives misfolding of the PDZ3 domain.INTRODUCTIONProtein aggregation is considered a generic property of
polypeptides and is a considerable problem for living organ-
isms, which must develop response strategies to avoid its
harmful effects. These effects span from arthritis to serious
neurodegenerative diseases (1). Some authors have sug-
gested that the precursors of fibrils, rather than their mature
form, are the actual source of amyloid disease toxicity, most
plausibly through membrane interactions by pore formation
(2,3). Thus, a deep knowledge of the molecular and struc-
tural aspects of misfolding is always needed to develop
inhibitors for any therapy.
Despite extensive reports in the literature, the basic pro-
cesses by which polypeptide chains can give rise to well-
ordered supramacromolecular structures are still poorly
understood (4). In this way, it has been suggested that the
concepts underlying protein aggregation might be similar
to those that describe the organization of synthetic poly-
mers, which may explain some features of the growth-
kinetic processes (5). A recent study has put forward a
unifying general mechanism based on the formulation ofSubmitted May 16, 2012, and accepted for publication July 17, 2012.
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0006-3495/12/08/0738/10 $2.00master equations that describe the kinetics of fibril self-
assembly as resulting from three basic processes: 1), a nucle-
ation-dependent polymerization reaction (lag phase),
usually slower than 2), the elongation of preexisting nuclei,
and, finally, 3), a secondary nucleation event deriving from
the fragmentation of mature fibrils (6).
The almost universal irreversibility of amyloid-
growth processes has precluded any deeper understanding
of them, since our information is mainly limited to kinetic
features. In this sense, the dynamics and nature of the
ensemble of states, the structural and energetic aspects of
the organization of their supramacromolecular assemblies,
and the interconversion between their various types are
poorly understood. The fibrous nature and large size of these
structural arrangements usually prevent satisfactory results
from x-ray crystallography and solution NMR methods. In
addition, the poor solubility of these aggregates makes it
difficult to use many other spectroscopic techniques. FTIR
would be almost the only spectroscopy that could address
these difficulties, and it has been used over the past years
in studies of amyloid and fibril formation (7).
Most infrared studies monitor the amide I0 band, which
arises from coupled vibrational modes of mainly the C¼O
stretching vibration of each peptidic bond of the protein,
where the strength of coupling strongly depends on the
conformation of the polypeptide backbone and thus reports
on the secondary structure, usually as a percentage of the total
intensity of the amide I0 band. Because b-conformation is
a hallmark of the different types of protein aggregates, moni-
toring its changes during the aggregation process will allow
for description of the conformational landscape of any mis-
folding pathway. This conformational variation can behttp://dx.doi.org/10.1016/j.bpj.2012.07.029
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vibrational modes become affected by b-sheet irregularities
in proteins, which give rise to a variety of bands over the
1690–1610 cm1 range. As a general rule, the position of the
amide I0 maximum shifts to lower wavenumbers as a result of
increased hydrogen bonding, a more planar sheet, or a larger
number of strands (7). For all these reasons, FTIR is the appro-
priate technique with which to follow aggregation processes.
In a previous work (8), we explored the misfolding
pathway of PDZ3, comprising residues 302–402. At neutral
pH and 60–70C in plain-water-buffered solutions, the PDZ3
domain populates a trimeric b-sheet-rich intermediate state
that leads to a stepwise and roughly reversible formation
of supramacromolecular structures, which remain in solution
for several days but partially disappear when the temperature
drops to 25C. Therefore, PDZ3 can be an exemplary
domain in which to apply spectroscopic approaches, since
this domain develops one of the few reversible misfolding
pathways found to date, and since the supramacromolecular
assemblies of PDZ3 are neither too large nor insoluble.
To arrive at some insight into the molecular aspects of the
misfolding pathway of PDZ3, in this work we undertook
FTIR, NMR, TEM, and cytotoxicity experiments under
neutral pH conditions. We found that the misfolding
pathway of this domain mainly comes from the interconver-
sion of a flexible b-sheet of the native state to WL fibrils,
accompanied by a much smaller decrease of the remaining
secondary-structure elements in the domain. The organiza-
tion of this kind of fibrils and its cytotoxic character were
confirmed by TEM and cytotoxicity assays, respectively.
In addition, we developed an NMR analysis of chemical
shifts as a function of temperature (between 25C and
60C) that reports the conformational aspects of such inter-
conversion at the residue level, in particular identifying the
b-sheet arrangement around strand b3 as responsible for the
conformational change that drives misfolding.MATERIALS AND METHODS
Protein samples
PDZ3 was purified as previously described (8). 15N-labeled protein was
purified from cells grown in M9 minimal medium containing 15NH4Cl
(CortecNet, Mill Valley, CA) as the sole source of nitrogen, according to
the method described elsewhere (9). Experimental samples were always
prepared by extensive dialysis against 50 mM potassium-phosphate buffer,
pH 7.5, and PBS, pH 7.4, at 4C. Protein concentrations were determined
by means of ultraviolet absorbance at 278 nm using an extinction coeffi-
cient of 2985 cm1$M1. Finally, molecular weight and purity of PDZ3
preparations were confirmed by matrix-assisted laser desorption/ionization
time of flight experiments carried out at the Centro de Instrumentacio´n
Cientifica of the University of Granada.Infrared analysis
Before initiating the induction of fibrillation by incubating at 60C, PDZ3
domain was lyophilized at 8 mg$mL1 in either 50 mM potassium phos-phate, pH 7.5, and PBS buffer, pH 7.4, or 50 mM potassium phosphate,
pH 7.5, plus 150 mM NaCl. The powder was dissolved in D2O and then
centrifuged at 10,000 g for 5 min. Sample aliquots of 200 mL were recon-
stituted and incubated until the moment of recording.
Spectra were acquired at 25C and 60C on a Resolutions Pro spectrom-
eter (Varian, Palo Alto, CA) using a Peltier mount and excavated cells with
a 50-mm path (Reflex Analytical, Ridgewood, NJ). The samples were equil-
ibrated for 5 min at the indicated temperature before recording. Typically,
1,000 spectra, recorded at a scan rate of 95 cm1/min and a nominal reso-
lution of 2 cm1, were averaged. The obtained series were corrected against
a background: the buffer was subtracted and a vapor-control spectrum
was finally applied. Data treatment and band deconvolution of the
original amide I0 band was performed using the GRAMS software
(Thermoscientific, Waltham, MA). Deconvolution into a Lorentzian curve
was performed using a band shape of 17 and a K factor of 2.2 in the Bessel
apodization. The fitting of the bands to the deconvoluted spectra was per-
formed by setting the band shape to a Gaussian curve. The fitting was
obtained by a two-step iteration: the band positions were first fixed and
then left floating.NMR spectroscopy
A 15N-labeled sample of PDZ3 was prepared for NMR experiments at
8 mg$mL1 in 90% H2O/10% D2O and 50 mM potassium-phosphate
buffer, pH 7.5. 1H-15N correlation spectra were recorded at 2.5C intervals
from 25C to 60C on a Varian NMR Direct-Drive System 600 MHz Spec-
trometer (1H frequency of 600.25 MHz) equipped with a cryoprobe. NMR
data were processed using NMRPipe (10) and analyzed using SPARKY
(11). Assignment of the PDZ3 domain was obtained using standard meth-
odologies and is not reported here. Peak intensities in the 2D spectra
were determined using the peak-picking routine in SPARKY.Transmission electron microscopy
Samples prepared for the infrared analysis were visualized by TEM. The
samples were loaded and quickly adsorbed onto glow-discharged carbon-
coated grids. The material was stained using the uranyl-acetate method,
described elsewhere (12), and the photographs were obtained with a Hitachi
H-7000 microscope.Cytotoxicity assay
The SH-SY5Y human neuroblastoma cell line was grown in 5% CO2 at
37C in serum-supplemented medium containing 50% minimal essential
medium (MEM) (Invitrogen, Carlsbad, CA) and 50% Ham’s modification
of F-12 (Invitrogen) and supplemented with 10% fetal bovine serum
(Sigma, St. Louis, MO), 1% MEM nonessential amino acids (Gibco, Invi-
trogen) and a 1%mix of antibiotics: penicillin, streptomycin, and antifungal
amphotericin (Gibco). Cells were plated in 96-well tissue-culture-treated
plates (Corning, Midland, MI) at 2  104 cells/well in 100 mL of medium,
and incubated for 24 h to allow for attachment to the bottoms of the wells.
Medium was removed by aspiration and replaced with 100 mL of serum-
free medium.
Before initiating the induction of the aggregation pathway by incubation
at 60C, PDZ3 domain was lyophilized at 44 mg$mL1 in PBS buffer, pH
7.4. The subsequent powder was reconstituted in H2O and centrifuged at
10,000  g for 5 min. Sample aliquots were reconstituted in 100 mL and
incubated in such a way that their incubation period finished at the same
moment. Then, 10 mL of sample was added to each well and cells were
incubated for 24 h. Because each well contained 100 mL of cell culture,
the final concentration of PDZ3 in the assay was 4 mg$mL1.
The MTT assay quantifies the activity of a mitochondrial enzyme,
succinate dehydrogenase, and thus provides a direct measurement of cell
viability (13). The MTT reagent was reconstituted in PBS to 5 mg$mL1.Biophysical Journal 103(4) 738–747
740 Marin-Argany et al.Ten mL of MTT labeling reagent were added to each well, and the plates
were incubated at 37C for 4 h. After removal by aspiration, 100 mL of
dimethyl sulfoxide were added to each well, and the plates were shaken
for 10 min at room temperature. The absorbance of the samples was
measured at 540 nm and at 620 nm in a Microplate Photometer (Hewlett-
Packard, Palo Alto, CA), and the difference between the two recordings
was subsequently utilized as a measure of cell viability. Each condition con-
sisted of six replicas/experiment, and two independent experiments were
performed. Results are expressed as the mean 5 SE (standard error of
the mean).RESULTS
FTIR analysis of PDZ3 misfolding
The assignment of the different components of the infrared
amide band to specific secondary-structure elements of
a protein is not a straightforward procedure, but it is essen-
tial for a reliable interpretation of the results from FTIR data
(14,15). Band deconvolution of the amide I0 spectrum of
PDZ3 at 25C acquired in 50 mM potassium-phosphate
buffer, pH 7.5, generates six main bands centered at 1680,
1669, 1659, 1650, 1640, and 1631 cm1 and three minor
bands centered at 1692, 1620, and 1606 cm1 (Table 1
and Fig. 1 A).
The major band, which contributes 28% to the area of the
overall spectrum, is located at 1640 cm1, and in a first
approach, it could tentatively be assigned to the random-
coil component (16). However, this value is at the limit
between the range attributed to the random-coil contribution
(1645–1640 cm1) and that attributed to the low-frequency
component of native antiparallel b-sheet (1630–1640 cm1)
(7,16). There is a component at 1631 cm1 that also can be
assigned to the low-frequency component of the native anti-
parallel b-sheet, but it contributes only 14% of the spectrum,
in contrast to the 34% of antiparallel b-sheet shown by the
crystallographic data (17). Therefore, it is quite possible
that the 1640 cm1 band will correspond to a fraction of
the b-sheet content of PDZ3 that is flexible and easily
becomes disorganized in solution. This would be in conso-
nance with previously reported circular dichroism spectra,TABLE 1 Band decomposition of FTIR amide I0 band of PDZ3 acquir
0–15 days incubation at 60C
Secondary structure
25C 60C, 0 days
Center
(cm1)
Area
(%)
Center
(cm1)
Ar
(%
b-turns 1694 1 1695 1
High-frequency antiparallel b-sheet 1680 8 1684 2
1676 9
b-turns 1669 9 1669 7
Loops/turns 1659 16 1659 1
a-Helix 1650 16 1649 1
Flexible b-sheet/random coil 1640 28 1640 1
Low-frequency antiparallel b-sheet 1631 14 1631 1
WL/amyloid 1620 4 1620 1
Side chains 1606 4 1606 3
Values highlighted in bold are for the bands that change the most.
Biophysical Journal 103(4) 738–747which mainly report for b-sheets displaying a minimum at
217 nm (8). In addition, this conformational flexibility could
be required for the reported promiscuous binding capability
of the domain (18). The high-frequency component of the
antiparallel b-sheet is located at 1681 cm1, and contributes
only 8% to the area of the spectrum.
The b-turn components are found at 1669 and 1659 cm1
(16), although stable loops may also be contributing to
the 1659 band (19), which comprises 16% of the area.
The a-helix component, located at 1650 cm1, contributes
only 16% to the spectrum, less than the 24% shown by the
crystallographic data (17) (see Discussion). Among the
minor bands, 1620 cm1 corresponds to a b-aggregate (7)
and 1606 cm1 to side chains (14); the 1692-cm1 band is
negligible (Table 1). The b-aggregate shows a band located
at the boundary between ordered agregates, such as WL
fibrils, and more compact amyloid fibrils (see Discussion).
In the native state, this band only contributes 4% to the spec-
trum, and may just reflect the tendency of PDZ3 domain to
aggregate, even at room temperature.
FTIR spectra acquisition was carried out after sample
incubation at 60C for a few minutes to several days, since
it was previously found that the PDZ3 domain reversibly
aggregates upon incubation at that temperature (8). Samples
were equilibrated for 5 min at 60C when acquiring FTIR
spectra. The main change of the spectrum upon initial
incubation for 5 min is an appreciable decrease in the
1640-cm1 band, likely corresponding to a flexible portion
of the native b-sheet, in favor of the growth in the WL/
amyloid band at 1620 cm1 (Table 1 and Fig. 1 B). This
conformational reorganization between b-sheets drives
a higher extent of packaging among b-strands, as also has
been described in other fibrillation processes (7,20,21). On
the other hand, the bands attributed to the low-frequency
component of the native b-sheet at 1631 cm1 and to the
a-helix component remain almost unaltered. Finally,
without any additional information, it is difficult to interpret
the changes in the 1700–1660 cm1 region, as well as the
split into two of the band near 1680 cm1, because ofed in 50mMpotassiumphosphate buffer, pH 7.5, at 25C and for
60C, 4 days 60C, 8 days 60C, 15 days
ea
)
Center
(cm1)
Area
(%)
Center
(cm1)
Area
(%)
Center
(cm1)
Area
(%)
1692 2 1692 2 1694 1
1679 12 1679 12 1680 10
1668 8 1668 8 1668 11
5 1658 13 1658 13 1659 12
6 1648 13 1648 13 1649 16
9 1640 13 1640 13 1640 11
6 1631 13 1631 13 1630 18
2 1620 22 1620 22 1621 19
1606 4 1606 4 1607 3
A B
C D
FIGURE 1 Band decomposition of the deconvo-
luted FTIR-spectra acquired in 50 mM potassium
phosphate buffer, pH 7.5 at 25C (A); after 5 min
at 60C (B); after 4 days of incubation at 60C
(C); and after 8 days of incubation at 60C (D).
The 1640 cm1 component is represented by a
dotted line; the 1620 cm1 component is repre-
sented by a dashed line; other components are
shown by solid lines.
Misfolding Conformations in PSD95-PDZ3 741both the complexity of these bands and the discrepancies in
band assignments in the literature (14,22).
When the sample is incubated for 4 days, the con-
formational reorganization between b-sheets continues,
decreasing the flexible portion of the native b-sheet to
13% (from 28% at 25C) and increasing the WL/amyloid
component to 22% (from 4% at 25C) (Table 1 and
Fig. 1 C). In addition, it is likely that the loop/turn irregular
structures, contributing to the 1659-cm1 band, also tend
to decrease. After both 8 and 16 days of incubation, the
percentage of the main bands remains similar (Table 1 and
Fig. 1 D). This would imply that the conformational reorga-
nization required for the previously published (8) assembly
of the trimeric intermediate state into fibrils has already
taken place at day 4 (Fig. 2 A), showing that this assembly
is performed in a slow manner.
When we compare the data with those acquired in PBS
(Table 2 and Fig. 2 B), the behavior is similar. The only
striking difference is that most of the conformational change
is already finished after just 5 min of incubation at 60C,
indicating that ionic strength speeds up the already men-
tioned reorganization of the b-sheets but does not change
the aggregation pathway. To gain insight into the relevance
of ionic strength to the process, the study was also per-
formed in 50 mM potassium phosphate, pH 7.5, plus150 mM NaCl (similar to the salt concentration in PBS).
Table 3 and Fig. 2 C confirm that the conformational transi-
tion is fully accomplished after incubation at 60C for
5 min.
Table 3 and Fig. 2 C display a summary of the conforma-
tional changes undergone by the PDZ3 domain upon incu-
bation at 60C. In short, the component for the flexible
portion of the native b-sheet dramatically decreases, with
a concomitant increase of the WL/amyloid component,
and a tendency of the loop/turn component to decrease.
The more structured part of the native antiparallel b-sheet
and the a-helix component could also slightly decrease,
although the differences are too small to be unequivocally
determined.Morphology and cytotoxicity of the PDZ3
aggregates
We obtained some TEM micrographs of the samples used
for the FTIR analysis. Fig. 3 A is representative of the
images acquired in both 50 mM potassium phosphate
(pH 7.5) and PBS buffer (pH 7.4), corroborating also the
observation that ionic strength does not change the aggre-
gation pathway. At early stages of the pathway, small
globular structures are observed (not shown), whereas afterBiophysical Journal 103(4) 738–747
A B C
FIGURE 2 Evolution of the main FTIR-spectra components under different conditions during incubation at 60C. (A) In 50 mM potassium phosphate
buffer (pH 7.5). (B) In PBS buffer; (C) In 50 mM potassium phosphate buffer (pH 7.5) plus 150 mM NaCl. The 1659–1658 cm1 component has been
redesignated 1660 cm1 for the sake of clarity (resolution of the initial spectrum 2 cm1). The samples were equilibrated for 5 min at the indicated temper-
ature before recording, so the record labeled 0 days at 60C corresponds to a sample incubated for 5 min at this temperature.
742 Marin-Argany et al.incubation for several days, WL fibrils of 8–9 nm in diam-
eter appeared.
For cytotoxicity assays, PDZ3 samples at 44 mg$mL1 in
PBS buffer were incubated for different durations at 60C to
induce the aggregation pathway (see Materials and Methods
for details). Because 10 mL of each sample was added to
100 mL of cell culture, the final concentration in the cultures
was around 4 mg$mL1. This is half the concentration used
in the FTIR study, but at higher concentrations, the samples
were too aggregated to generate reliable and reproducible
data (not shown). In addition to the difference in concentra-
tion, the PDZ3 misfolding pathway is reversible and thus
can be affected by temperature (8), which precluded any
direct comparison between the FTIR results (60C) and
the cytotoxicity assays (37C).
Despite the decrease in protein concentration and temper-
ature in the cell cultures, it is interesting to know whether orTABLE 2 Band decomposition of FTIR amide I0 band of PDZ3 acquir
60C
Secondary structure
25C 60C, 0 days
Center
(cm1)
Area
(%)
Center
(cm1)
Ar
(%
b-turns 1694 1 1694 1
High-frequency antiparallel b-sheet 1683 2 1684 4
1679 6 1676 2
b-turns 1669 9 1670 1
Loops/turns 1659 16 1658 1
a-Helix 1649 18 1648 1
Flexible b-sheet/random coil 1640 24 1640 1
Low-frequency antiparallel b-sheet 1630 16 1631 1
WL/amyloid 1621 4 1620 1
Side chains 1605 2 1606 2
Values highlighted in bold are for the bands that change the most.
Biophysical Journal 103(4) 738–747not these assemblies are cytotoxic. A toxicity assay was per-
formed in a neuroblastoma cell line and showed that cyto-
toxicity increased as the aggregation pathway proceeded
in time, before the addition to the cell cultures (Fig. 3 B).
This means that the aggregation pathway is only partially
reversible and that this reversibility decreases as the reaction
coordinate proceeds.HSQC-NMR analysis of the molecular aspects
of the aggregation behavior of PDZ3
The calculations using different algorithms, such as
TANGO (23), to estimate propensities toward b-aggregation
reveal that such propensities are negligible over the whole
domain, with the exception of residues ranging from G335
to G344 (pertaining mainly to the b3 strand ) and residues
from Q384 to Y392 (forming strand b5; see Fig. 4 A). Theed in PBS buffer, pH 7.4, at 25C and for 0–15 days incubation at
60C, 4 days 60C, 8 days 60C, 15 days
ea
)
Center
(cm1)
Area
(%)
Center
(cm1)
Area
(%)
Center
(cm1)
Area
(%)
1695 2 1695 2 1695 2
1684 5 1684 8 1685 4
1676 7 1677 4 1677 9
7 1668 9 1668 13 1667 9
1 1659 13 1658 9 1658 10
6 1649 13 1648 14 1648 14
3 1640 15 1640 12 1640 11
5 1631 12 1631 13 1631 12
7 1619 22 1619 22 1620 25
1606 2 1606 3 1605 4
TABLE 3 Band decomposition of FTIR amide I0 band of PDZ3 acquired in 50 mM potassium-phosphate buffer pH 7.5 with 150 mM
NaCl at 25C and and for 0–15 days incubation at 60C
Secondary structure
25C 60C, 0 days 60C, 4 days 60C, 8 days 60C, 15 days
Center
(cm1)
Area
(%)
Center
(cm1)
Area
(%)
Center
(cm1)
Area
(%)
Center
(cm1)
Area
(%)
Center
(cm1)
Area
(%)
b-turns 1694 2 1694 2 1694 1 1693 3 1694 1
High-frequency antiparallel b-sheet 1680 7 1683 6 1683 6 1684 7 1685 5
1676 2 1677 5 1676 5 1677 6
b-turns 1669 8 1669 14 1669 11 1670 12 1669 12
Loops/turns 1659 15 1658 10 1658 11 1658 9 1658 9
a-Helix 1650 18 1648 15 1649 15 1649 14 1649 15
Flexible b-sheet/random coil 1640 27 1640 12 1640 14 1640 12 1640 11
Low-frequency antiparallel b-sheet 1630 16 1631 14 1631 13 1631 13 1631 12
WL/amyloid 1620 5 1620 22 1620 21 1620 23 1620 24
Side chains 1606 2 1606 3 1605 3 1606 2 1606 5
Values highlighted in bold are for the bands that change the most.
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high-resolution x-ray structures (PDB codes 3K82 and
3IW4 (17)) shows two main interfaces roughly located at
opposite faces of the globular structure (Fig. 4 B). The
surface organized by the b3 strand presents a stronger
tendency to aggregate than that organized by the b5 strand,
and is in fact the only one predicted by the algorithm
PASTA (24).
To definitively discern which of these protein regions is
truly responsible for the conformational change observed
by FTIR, we carried out some 1H-15N HSQC correlation
spectra between 25C and 60C with PDZ3 in 50 mM potas-
sium-phosphate, pH 7.5. A general downfield shift of
the amide proton resonances is observed, which cannot be
attributed to any protein changes, because they are the con-
sequence of NMR-signal thermal dependencies (25,26). We
have evaluated the intensities and volumes of ~40 1H-15N
correlations, which are representative of the conformational
behavior of those amino acids (Fig. 5 A). The attenuation of
intensities/volumes, generally coupled with a change in
chemical shifts other than those purely derived from thermalA B
FIGURE 3 Morphology and cytotoxicity of the PDZ3 aggregates. (A)
TEM micrographs of PDZ3 incubated at 60C for 8 days in PBS buffer.
WL fibrils of 8–9 nm in diameter are observed. Scale bar, 200 nm. (B)
MTT assay of neuroblastoma cells SH-SY5Y treated for 24 h with PBS
buffer and PDZ3 incubated at 60C for several days (0, 4, 8, and 15).
Concentrations of PDZ3 during incubation and in the cell culture were
44 and 4 mg$mL1, respectively (see Materials and Methods for details).effects, indicates a local rearrangement of the conforma-
tional (chemical) environment of the corresponding residue.
Thus, graphical analysis of the intensities/volumes
for each residue as a function of temperature allows us to
clearly distinguish, after heating the protein at 60C, which
residues remain in a similar structural arrangement to that
observed in the native state of PDZ3, since their intensi-
ties/volumes do not decrease significantly (Fig. 5 B,
magenta). Consequently, those 1H-15N correlations with
attenuation in intensities/volumes report for residues that
change their environment to some extent. We have classified
these residues in two different categories: the first includes
those residues that at 60C still remain in roughly the
same position within the NMR spectra, even with attenua-
tion of the intensities/volumes (Fig. 5 B, cyan); the second
includes signals that disappear from their original coordi-
nates before the temperature reaches 60C and probably
reappear at another location in the spectra (Fig. 5 B, blue).
From Fig. 5 B it is clear that residues located at strands b1
and b5 are the ones that still remain roughly folded at 60C,
where the misfolding route of PDZ3 begins. These two
strands organize into a sort of antiparallel hairpin, whereas
the sheet arranged by strands b2, b3, and b4 might be disor-
ganized or rearranged to some extent, along with some resi-
dues in helix a1, which is also partly included in the main
region prone to b-aggregation as predicted by the algorithms.
This arrangement of NMR chemical shifts for the PDZ3
solution used is maintained for at least 24 h of incubation
at 60C, with the appearance of new signals observed after
one week, which may indicate a consolidation of the struc-
tural arrangements corresponding to the supramacromolecu-
lar structures. These new signals remain for >15 days,
indicating that these changes are stable over time rather
than accidental. Therefore, these features suggest that the
conformational change upon partial unfolding of PDZ3 at
60C remains in time and that no additional conformations
than the described seem to populate during misfolding.
This conclusion is thus in full agreement with the FTIR
results.Biophysical Journal 103(4) 738–747
AB
FIGURE 4 TANGO analysis of regions prone to b-aggregation in PDZ3. (A) Secondary structure and regions with tendency to aggregation. The 335–344
residue region spanning the b3 strand and the N-terminus of a-helix 1 is depicted in red, whereas the 384–392 residue region spanning the b5 strand is in
orange. (B) Three-dimensional surface representation of the PDZ3 structure (PDB code 3K82) showing that the two main interfaces organized by the
b-strands predicted to be prone to aggregation are located roughly at opposite faces of the globular structure. The color code is the same as in the sequence.
The three images are 90 clockwise views of the PDZ3 structure.
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A flexible b-sheet drives the misfolding of PDZ3
The FTIR amide I0 band region is located between 1700 and
1600 cm1 and mainly arises from the C¼O stretching
vibration of the peptide bond. The assignment of different
secondary structures to the amide I0 band is not a straightfor-
ward procedure because of the sensitivity of infrared to
structural and environmental factors (27). The most contro-
versial assignment is for b-turns, where different bands are
centered within the 1700–1660 cm1 region. Thus, peaks
located near 1670 and 1660 cm1 are classically assigned
to elements of irregular secondary structure, mainly b-turns
(16), although stable loops also contribute to the 1660 cm1
component (19). Nevertheless, within this region, a band
near 1680 cm1 is assigned to the high-frequency com-
ponent of the antiparallel b-sheet, which is not present
in parallel b-sheets (7,28,29). Also, bands near
1690 cm1, usually negligible, have been attributed to
this secondary structure in the literature (30), although
other authors attribute it to b-turns (22). In the 1700–
1660 cm1 region, a peak near 1650 cm1 is indicative
of a-helix content, whereas peaks at 1645–1640 cm1
and 1640–1630 cm1 suggest random coil and b-sheet,
respectively (15). As a rule of thumb, stronger hydrogen
bonding results in a shift to lower wavenumbers, which
may explain why some aggregates have b-sheet peaks
located at 1630–1620 cm1 and well-ordered amyloid
fibrils often have peaks below 1620 cm1 (7). Among these
b-aggregates, some amyloid-like fibrils exist, as in theBiophysical Journal 103(4) 738–747case of WL fibrils such as those initially reported for
b2-microglobulin (31).
According to our evidence, the spectrum for the native
PSD95-PDZ3 domain in potassium phosphate buffer
decomposes into, among other components, 16% stable
loops/turns (1659 cm1), 16% a-helix (1650 cm1), 28%
flexible b-sheet (1640 cm1), 14% b-sheet (1631 cm1),
and 4% WL/amyloid fibril (1620 cm1). The main presence
of a flexible b-sheet component in the boundary of the
region assigned to random coil could account for the confor-
mational plasticity of the PDZ3 domain (8,32). This flexible
b-sheet is the one that is reorganized into a more compact
b-structure upon incubation at 60C, causing a decrease in
the area of this component of ~15% (from 28% to 13%)
in favor of an 18% increase in the WL/amyloid band. Inter-
estingly, the signal attributed to stable loops incurs the other
3% decrease, and the rest of the regular secondary structures
are more or less maintained. These changes happen within
a few days and last for some time afterward.
The position of the b-aggregate FTIR component at
1620 cm1 indicates an intermediate content of hydrogen
bonding in between WL and amyloid fribrils (7). These
two kinds of fibrils populate different aggregation pathways,
amyloid fibrils following nucleation-dependent kinetics
(sigmoidal, cooperative) and WL fibrils following nonnu-
cleation-dependent kinetics (exponential, noncooperative)
(33). In a previous work (8), the binding of ThT and ANS
to the PDZ3 domain during the aggregation process was
shown to follow an exponential kinetics. In consequence,
the process was reported to occur through a downhill
A B
C
FIGURE 5 1H-15N HSQC spectra as a function of temperature (from 25C to 60C) of PDZ3 in 50 mM potassium phosphate (pH 7.5). (A) Temperature
effect on peak intensity by comparing 1H-15N correlations obtained at 2.5C intervals. The figure shows a sampling of intensities every 5C for simplicity. All
intensities shift in a similar way to downfield amide proton resonances as the temperature rises. (B) Cartoon representation of the PDZ3 x-ray structure (PDB
code 3K82) showing, by color code, the extent of HSQC perturbation. Residues colored magenta remain in a similar position and keep their intensity; resi-
dues colored cyan remain in roughly the same position at 60C, although with an attenuation of intensity/volume; and residues whose signals disappear from
their original coordinates are blue. (C) Secondary structure and extent of HSQC perturbation at the residue level using the same color code as in B. Regions
predicted to be aggregation-prone are in bold.
Misfolding Conformations in PSD95-PDZ3 745process that does not require a highly organized or stable
nucleus. To discern whether the b-aggregate FTIR-compo-
nent at 1620 cm1 corresponds to WL or amyloid fibrils,
TEM micrographs were obtained. The presence of curved
fibrils that resemble the segmentation of a worm definitely
confirms that the b-aggregate detected by FTIR is morpho-
logically a WL fibril.
Unfortunately, protein concentration and temperature in
cell culture are quite different from those used in the aggre-
gation studies. Taking into account that the PDZ3 mis-
folding pathway has been described as reversible (8), it is
important to be careful when interpreting the results in
cell cultures. In the conditions assayed, the aggregation
pathway may be shifted to the early species, i.e., the trimeric
intermediate, when the 60C PDZ3 incubations are diluted
10-fold in the cultures. Determining whether or not the
precursors of the WL fibrils formed by PDZ3 are cytotoxic
is interesting, because they have been described as being
responsible for the toxicity upon misfolding observed in
other aggregation-prone proteins (34). Furthermore, toxicity
increases when the aggregation pathway takes place before
addition to the cell cultures. Thus, it is quite likely that the
aggregation pathway of PDZ3 can only be partially revers-
ible and that this reversibility decreases as the reaction coor-
dinate progresses through the misfolding pathway. In fact, in
our previous work, it was demonstrated that some aggre-gates >15 days old may remain in solution when the
temperature drops to 25C (8).The flexible b-sheet can be identified as the one
organized around strand b3
HSQC experiments show that mainly the residues located at
strands b1 and b5, which organize in a sort of antiparallel
hairpin, are the ones maintaining their intensities/volumes
in the 1H-15N correlation spectra recorded at 60C. There-
fore, their environment does not change upon misfolding.
In contrast, the sheet arranged by strands b2, b3, and b4
might be disorganized or rearranged to some extent, very
likely along with residues in helix a1. The permanence of
b1 and b5 correlation signals strongly supports the FTIR
evidence, where a part of the native b-sheet arrangements
are maintained upon 60C incubation. On the other hand,
the weakening, or even disappearance, of the b2, b3, and
b4 signals is also in agreement with the FTIR elucidation
of the flexibility of a native b-sheet fraction, which appears
to be responsible for the appearance of the WL band. An
inspection of the 1.4 A˚ x-ray structures of PDZ3 also shows
that the b-sheet organized around strand b3 is poorly
populated in hydrogen bonds, and at the same time is
more solvent-exposed than the hairpin b1–b5. Therefore,
the roughly reversible interconversion between thisBiophysical Journal 103(4) 738–747
746 Marin-Argany et al.flexible b-sheet and fibril b-arrangements is the main
and almost exclusive conformational event during PDZ3
misfolding.
FTIR experiments at 25C reveal a helical content in
PDZ3 smaller than that arising from crystallographic data.
The most plausible explanation for this observation is that
the small helix a1, packed against the flexible b-sheet,
might be already disorganized to some extent in solution.
Thus, the slight decrease of helical content upon heating
may explain a complete loss of a1 as well as the mainte-
nance of the longer helices, a2 and a3, in the intermediate
species. This is also in agreement with 1H-15N correlation
spectra, which show that some other residues from b1 and
b5 that are conformationally stable are precisely those that
make contacts with the helix a2. Nevertheless, we have
found it somewhat difficult to follow the assignment of
PDZ3 helices, since their signals at the central region of
the 1H-15N correlation spectra appear poorly dispersed and
are thus difficult to distinguish, precluding deeper analysis
of these conformational aspects.
Another point that deserves attention is related to the
1660 cm1 infrared band. As mentioned above, turns and
loops contribute to this component, which decreases upon
incubation at 60C. PDZ3 contains four loops longer than
four residues: loop b1–b2 (seven residues), loop b2–b3
(six residues), loop a1–b4 (five residues), and loop b4–a2
(eight residues). The loops b2–b3 and a1–b4 could be
the ones mainly responsible for the decrease of the
1660 cm1 FTIR band upon temperature treatment, because
they are located within the region of the molecule that is
flexible and disorganizes upon misfolding, according to
the HSQC experiments. Loop b1–b2 is close to the b-sheet
formed by b1–b5, but strand b2 appears to be disorganized
to some extent, so it is difficult to discern whether or not it
might also contribute to the mentioned decrease. In contrast,
loop b4-a2 is packed against helix a2 and contains those
other residues from b1 and b5 that are conformationally
kept (Fig. 5), which are concretely those that make contact
with helix a2.
Concerning the two surfaces predicted as prone to aggre-
gation by TANGO (23), the 335–344 (b3–a1) and 384–392
(b5) regions, the former, which has the highest propensity to
aggregation, is revealed to be part of the flexible b-sheet
driving fibrillation. This is not the case for the surface con-
sisting of b5, since this sheet is unequivocally maintained
upon misfolding. This apparent ambiguity cannot be seen
as a limitation of TANGO predictive abilities, since it pre-
dicts amorphous b-sheet aggregation, neither amyloid nor
fibril formation. It has been demonstrated that aggregation
and amyloid formation are not directly coupled (35). On
the other hand, it makes sense that the most stable b-sheet
is not capable of locally fulfilling the requirement of the
native state to partially unfold to promote fibril formation
(36,37). PASTA (24) predicts the regions involved in the
formation of ordered cross-b structure, and, in full agree-Biophysical Journal 103(4) 738–747ment with our data, only the region that is part of the flexible
b-sheet driving fibrillation was predicted.
We previously studied the influence of peptide ligands
on the folding and misfolding of PDZ3 (8). As stated in
that report, any influence on the misfolding pathway by
the hexapeptide KKETAV, the one displaying the highest
affinity for PDZ3 (Kd ¼ 1 mM), was detected. In addition,
our differential scanning calorimetry studies in the pres-
ence of this ligand revealed that only the stability of the
native state is affected, the association-dissociation equilib-
rium of the unfolding intermediate being unaffected. That
result is fully explained by the NMR study carried out
here, since the binding groove, organized mainly by strand
b-2 and helix a-2, is disrupted in the intermediate
precursor of misfolding. Furthermore, it has been described
elsewhere by molecular dynamics that the loop between
strands b2 and b3 plays a crucial role in the binding of
peptides by PDZ3 (38). This loop is also more or less
disorganized in such a folding intermediate, as are strands
b2 and b3.CONCLUSION
The analysis described in this work demonstrates the conve-
nience of combining FTIR and NMR methods to infer
changes at the local level during the misfolding pathway
of the PDZ3 domain. In a previous work (8), an equilibrium
unfolding intermediate structured as a trimer was detected
by differential scanning calorimetry and dynamic light-scat-
tering techniques, and its aggregation in higher supramacro-
molecular structures was studied. At the temperature in
which the intermediate state is more abundant, FTIR has
shown the reorganization of a fraction of native PDZ3-
domain b-sheet. The molecular details of such a conforma-
tional change have been revealed by NMR analysis. This
work also reports on the flexibility of this fraction of native
b-sheet that is the promoter of the fibril component. Because
of that flexibilitiy, the most unstable native arrangement
reorganizes into the misfolded conformations, which are
favored from an energetic point of view. This observation
is strongly supported by the low specific enthalpy we
observed previously for PDZ3 oligomerization equilibrium
(8). Such a low value indicates a low-density interaction
network among the side chains within the PDZ3 fibrils, as
our spectroscopic studies have also confirmed.
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